ABSTRACT. Information is presented on the phenology, herbivory, phytochemistry and production of the tree species Polylepis quadrijuga. Leaf production was lower during the dry season than during the wet season, when minimum temperatures also occurred. Flower and fruit phenology were also seasonal. Herbivory was significantly higher for leaves expanded during the wet season (20%) than during the dry season (1%), and was also higher for younger leaves. Flavonoids, compounds known as UV-B protectors, were found in high concentration in leaves of P. quadrijuga. There was a significant positive relationship between monthly rainfall, monthly minimum temperatures and flavonoid concentration, but no relationship was found with leaf age. The annual fine litterfall for the Polylepis forest was estimated to be 3.9 t ha −1 y −1
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, a high value when compared to other paramo and upper montane rain forests in tropical mountains. High production was associated with high leaf nitrogen concentration (3.0-3.5%), high rates of nitrogen retranslocation (80% dry weight), and relatively low leaf longevity (8.4 mo). High production in P. quadrijuga is probably a key factor in explaining the existence of this large woody species in a paramo environment otherwise dominated by bunch grasses, cushion plants and giant rosettes of the genus Espeletia.
KEY WORDS: Andes, Colombia, flavonoids, herbivory, leaf longevity, paramo, phenology, phytochemistry, Polylepis, production I NT R OD U CT I O N Polylepis quadrijuga Bitter is a tree species that grows above the continuous treeline and within the grassland matrix of the paramo vegetation in the high tropical Andes (Simpson 1986 ). The species forms homogeneous forests, with the understorey dominated by mosses. Several physiological adaptations to the paramo environment have been documented for Polylepis sericea in Venezuela, including supercooling, low leaf osmotic potential (Rada et al. 1985) , high stomatal conductance, high photosynthetic rates and high dark respiration rates (Goldstein et al. 1994) . In spite of the great importance of this genus as a source of fire-wood in the Andean paramos (Ellenberg 1958 , Kessler 1995 and as a marker in palynological studies (Van der Hammen 1974 , Smit 1978 , little is known about its ecology.
Leaf and flower phenology can be controlled by environmental factors, such as seasonal variations in temperature and moisture (Borchert 1983; Reich & Borchert 1982 , by biotic selection (Aide 1988 , Janzen 1967 , or can be endogenously determined (Dugand 1978 , Loubry 1994 . In paramo environments, characterized by seasonal variation in rainfall and by lower minimum air temperatures during the dry season (Sarmiento 1986) , variations in water and air temperatures regimes could be controlling plant phenology and production (Cavelier et al. 1992 , Smith 1981 , Smith & Young 1987 . Production is known to decrease along altitudinal gradients in tropical mountains (Grubb 1977) , and this has been explained in terms of environmental factors, like decreasing air and soil temperatures, nutrient availability and partial pressure of CO 2 (Cavelier 1996) . Plant related factors, such as low leaf nitrogen concentrations, have also been cited as possible causes of low production in tropical mountains (Tanner 1977) . Herbivory could also have a negative effect on production by reducing total leaf area or by inducing changes in leaf growth and development (Louda 1984 , Marquis 1984 . Plants in tropical seasonal environments can use phenological strategies to reduce damage by herbivores, like the production of new leaves during the dry season when herbivore density is lower (Aide 1992 (Aide , 1993 .
Another important factor in the high altitude tropical environment of P. quadrijuga, is high levels of UV-B radiation (Caldwell 1971 . The accumulation of flavonoids, carbon-based secondary compounds, can be induced under high UV-B radiation (Caldwell et al. 1983 , Hrazdina & Parsons 1982 , Murali & Teramura 1986 , Teramura 1983 and may play a key role in the protection of leaf tissues from DNA damage (Kootstra 1994) . Flavonoid concentration can also vary under different climatic and edaphic conditions (Flück 1963) , and can be higher in either young (Crawley 1983 , Hatcher 1990 , Rhoades & Cates 1976 , Scriber & Slansky 1981 or mature leaves (Coley 1980 , Feeny 1976 .
In the present study we wanted to know whether ecological traits such as leaf and flower phenology, production and herbivory, as well as leaf chemistry, may help explain the occurrence of P. quadrijuga forests in an ecosystem otherwise dominated by grasses and giant rosettes.
from March to October (Repizzo 1993) . Mean annual temperature is 8.8°C with minimum temperatures being lower during the drier part of the year (December-March). Annual sunshine is 745 h, with lower values during the wet season (Figure 1 ). Polylepis quadrijuga, is one of the 15 species of the genus Polylepis. The genus is distributed along the Cordillera of the Andes from Venezuela to northern Chile and Argentina (Simpson 1979) . P. quadrijuga is found only in the paramos of the Departments of Santander, Boyacá and Cundinamarca on the Eastern Cordillera of the Andes of Colombia. P. quadrijuga is an evergreen tree 1-10 m tall with compound leaves, twisted trunk and branches with a reddish bark that peels continuously (Simpson 1979 ). This phenological trait may help reducing the epiphytic load, particularly of mosses and lichens (J. Cavelier, pers. obs.) .
Polylepis spp. currently grow in isolated patches restricted to steep and rocky slopes (Arnal 1983) . Two hypotheses have been proposed to explain this distribution. Firstly, favourable microclimatic or edaphic conditions occur on rocky slopes that allow the establishment and growth of the trees (Lauer 1981 , Smith 1978 , Walter & Medina 1969 . Secondly, Ellenberg (1958) proposed that Polylepis forests were once widely distributed and that human intervention by means of fire, wood extraction and high altitude cattle ranching, reduced its distribution to these isolated slopes. Regeneration of P. quadrijuga forests on flat areas in the Natural Park of Paramo Chingaza, supports the latter hypothesis (V. Velez, pers. obs.).
M ET H ODS

Phenology
Leaf phenology was studied in 10 trees (2-4 m tall), and in three branches per tree (1-2 cm in diameter). Branches were selected from different sides of the tree crown and the orientation of each branch measured with a compass (± 5°). To measure leaf production (number of leaves/branch), newly emerged leaves (2 cm long) were marked with pieces of plastic coated wire of different colours every 30 d between December 1992 and December 1993. The monthly count of the previously marked leaves allowed the calculation of the percentage leaf survivorship as a function of time. Mean leaf life span (mo), was estimated at 50% leaf survivorship. Flower and fruit phenology were studied in the same ten trees used for the study of leaf production. The presence or absence of inflorescenses and infructescenses for each tree was recorded every 30 d during the same period.
Production
Leaf production (t dry weight ha −1 y −1 ) was calculated by multiplying the average annual leaf production per branch of 1-2 cm in diameter (74.8 ± 7.74 leaves, n = 10 trees) by the average leaf dry weight (0.24 g ± 0.02 g, n = 10) by the number of branches per tree (Y = 27.5X − 698; where Y is the number of branches per tree and X is the tree dbh, r = 0.90, P < 0.01) and by the number of trees per hectare (6.5 ± 0.9, in six 10 m × 10 m plots). Mean annual fine litterfall (t dry weight ha
) was calculated by subtracting the cumulative percentage herbivory from the mean annual leaf production.
Nutrient retranslocation
Nitrogen retranslocation (R) was calculated as the difference in concentration between mature leaves and fine litterfall using the equation R = [(Cm-Cl)/ Cm] × 100, where Cm is the nitrogen concentration in mature leaves and Cl is the concentration in fine litterfall (Del Arco et al. 1991) . Nitrogen content was determined with the micro-Kjeldahl technique.
Herbivory
Three leaves from each of the 10 trees used to measure leaf phenology were selected at random to measure herbivory. Measurements were carried out on leaves expanded during the wet (June) and dry season (January). On each group of leaves (n = 10) herbivory was measured every 30 d over 7 mo. To measure the leaf area consumed every month, the number of mm 2 of eaten tissue were counted using a millimetric plastic grid (Aide 1992). The percentage area consumed by herbivores was calculated based on the total mm 2 per leaf.
Phytochemistry
In a preliminary qualitative analysis based on colorimetric and precipitation reactions following the methods in Dominguez (1973) and Sanabria (1983) ; quinones, tannins, steroids and flavonoids were found. There were no alkaloids or triterpenes. Flavonoids gave the strongest reaction, and were analyzed quantitatively in leaves of five age classes, expanded during the dry and wet season. Three replicates per sample were used for a total of 30 samples. The flavonoids were isolated and two of them identified by spectrophotometry, thin layer chromatography (TLC) and comparison with standards, either obtained in the laboratory or previously published (Geissman 1962 , Harborne 1973 , Mabry 1969 .
To determine the concentration of total glycosides of flavonoids, the methanol plant extract was mixed with 5 % AlCl 3 in methanol and the absorbance measured at 421 nm. The total flavonoid content was calculated using ε = 29 200. The extraction and separation of the flavonoid compounds were carried out using the following methods. First, 50 g of dry leaves (40°C for 24 h) were ground in a mortar and refluxed in 90 % ethanol for 5 h. Second, the extract was filtered, concentrated in a rotatory evaporator, and washed with petroleum ether to eliminate lipids and pigments. Third, the extract was hydrolyzed with 10 % HCl to eliminate sugars (Harborne 1973) , and neutralized with a saturated solution of sodium bicarbonate to precipitate aglycones. Finally, flavonoids were extracted with ethyl acetate (Harborne 1973) .
The ethyl acetate extract was chromotographed by TLC on silica gel plates (F 254 ref. 5567) in a benzene-ethyl acetate 1 : 1 mixture, using ammonia vapours as the developing reagent. By means of preparative chromatography the two most abundant flavonoid compounds were obtained and analyzed by UV-Vis spectroscopy (Harborne 1973) . The flavonoid compounds were identified based on their Rf (migration rate) and colour derived from the TLC plates and their absorption spectra.
Data analysis
A two-way analysis of variance was carried out to determine the significance (P < 0.05) of the seasonal variation in leaf production. Data were squared-root transformed to normalize the distribution before carrying out the ANOVA. Tukey's Studentized range test was carried out to detect differences between the levels of trees and months. A repeated ANOVA was carried out to analyze variation in percentage herbivory between seasons and leafage. Percentage herbivory was arcsine-transformed. The repeated analysis was used because in the sphericity test, chi-squared was rejected (χ 2 = 31.21, df = 9, P < 0.001). A two-way ANOVA was carried out to analyze the variation in flavonoid concentration between seasons and leaf age. No transformation of the original data was necessary for this analysis. The range test was again used to detect differences between the levels of the months and seasons. Regressions between monthly leaf production and weather variables (monthly rainfall, humidity, sunshine (hours), and mean, maximum and minimum temperatures) were calculated using step-wise multiple regression analyses in SYSTAT (1992) .
RES ULT S
Phenology, leaf production, leaf longevity and nutrient retranslocation
Leaf production showed monthly variation (F = 22.6, df = 9, 11; P < 0.001), with the highest values during September (8.5 ± 1.2 leaves per branch) and the lowest during February (2.3 ± 0.5 leaves per branch) (Figure 2 ). Tukey's test, showed statistically significant differences (P < 0.05) between leaf production during February and the rest of the months. No relationship was found between angle of exposure of branches (degrees) and leaf production (r = 0.04, df = 29, P > 0.05). The multiple regression analysis showed that the only predictor of monthly leaf production was mean monthly minimum temperature (F = 8.22, df = 1, 10; P < 0.05; Figure 3a ). The analysis also showed positive, but not predictive, relations between leaf production and monthly rainfall. On independent analysis, a significant second order regression was found between monthly leaf production and rainfall (Figure 3b ).
Flowering and fruiting were both unimodal, with peaks during August (mid-wet season) and October (end of the wet season), respectively. Only 60 % of the trees sampled produced both flowers and fruits (Figure 4) .
At the stand level, leaf production and fine litterfall were 5.0 (± 1.1) t ha −1 y −1 and 3.9 (± 0.8) t ha −1 y −1 , respectively. Percentage herbivory accounted for 21% of leaf production.
Mean leaf longevity was 8.4 mo and there was only a small difference between the longevity of leaves expanded during the wet (8.8 mo) and during the dry season (8.1 mo). Leaves expanded during the dry season, started to fall and completely disappeared 2 mo before those expanded during the wet season ( Figure 5 ). Leaf nitrogen concentrations were 3.43, 3.36, 3.45, 3.08 and 3.43 % in leaves 1 to 5 mo old, respectively, and fell to 0.70 % in fine litterfall. Nitrogen retranslocation was 80 %.
Herbivory
There was seasonal variation in leaf herbivory (F = 3.30, df = 1, 9; P < 0.05) with higher rates in leaves expanded during the wet (20 %) than during the dry season (1 %) (Figure 6a ). In both cases, maximum herbivory occurred in leaves 3 mo old (Figure 6b ). Herbivores included strip-mining larvae belonging to the orders Coleoptera and Lepidoptera. Although abundant Membracidae (Maturnaria sp. nov; R. Restrepo, pers. comm.) were observed on young leaves of P. quadrijuga, membracids could not have produced the observed damage because they are leaf sap-suckers (Maxwell-Lefroy 1923).
Phytochemistry
Total flavonoid concentration was higher in leaves expanded during the wet (0.137 ± 0.012 µmol g −1 dry weight) than during the dry season (0.078 ± 0.008 µmol g −1 dry weight) (F = 78.6, df = 1, 4; P < 0.001), but no relationship was found between flavonoid concentration and leaf age (Figure 6c ). There were significant positive relations (P < 0.01) between monthly rainfall and flavonoid concentration (Figure 7a ) and between average monthly minimum temperatures and flavonoid concentration (Figure 7b ). The two flavonoids, identified by TLC and UV-Vis spectroscopy, were a flavone and a catechin. While the flavone showed a pale yellow colour in the chromatogram (Rf = 0.89) and absorbance peaks at 335 and 270 nm in the spectrum, the catechin showed a grayish-blue colour (Rf = 0.35) and a single peak at 285 nm.
D ISC US SI ON
Leaf, flower and fruit phenology P. quadrijuga showed a seasonal variation in leaf production. Although there was a minimum leaf production during the dry season (i.e. February), monthly leaf production correlated better with mean minimum monthly temperature, suggesting that both temperature and water supply determine the rates of leaf expansion. Seasonal variation in leaf production have been reported in other paramo vegetation species. For instance, the giant rosettes of the genus Espeletia, show a lower leaf production during the dry season and this was attributed to low water availability (Smith 1981 , Smith & Young 1987 or a combined effect of low water supply and low temperatures (Cavelier et al. 1992) . Irrigation experiments with Espeletia spp. in the Andes of Venezuela, showed that leaf production can increase with increasing water supply (Orozco 1986 ) supporting the hypothesis that peaks in leaf production are controlled by water availability (Alvim & Alvim 1978 , Lieberman & Lieberman 1984 . The slight decrease in leaf production when monthly rainfall was higher than 200 mm (Figure 3b ), could be explained in terms of a combined effect of very high soil water content and low radiation levels due to high cloud cover. Under saturated soils, nitrogen availability can be reduced (Marrs et al. 1988) limiting the rates of leaf production, and low radiation levels would result in reduced photosynthetic rates, limiting the available carbohydrates for the formation and expansion of new leaves.
While flowering in P. quadrijuga occurs during the wet season, fruiting and seed dispersal occur in the transition between the wet and the dry season. Seasonal patterns of flowering and fruiting have also been measured in Polylepis besseri in Bolivia (Hensen 1994) . It seems unusual that a wind-pollinated species, such as P. quadrijuga (Simpson 1979) , flowers during the wettest time of the year, unless this species is self-pollinated. Dry season conditions favour dispersal of small, wind-dispersed seeds (Van Schaik et al. 1993) , since wind speed increases during this time of year (Sarmiento 1986) . It is likely that the small seeds of P. quadrijuga remain in the seed bank during the dry season (January-March) and germinate at the beginning of the wet season (March-April). Such a pattern was shown for seeds of Espeletia timotensis in Venezuelan paramos (Guariguata & Azocar 1988) .
Production
Annual fine litterfall in P. quadrijuga forest, calculated as the difference between leaf production (5.0 t ha −1 y −1
) and herbivory (1.05 t ha −1 y −1 ), is 3.9 t ha −1 y −1 . If allowance is made for the withdrawal of dry weight before leaf fall, this production value would be somewhat lower. Assuming a withdrawal of 17 % of dry weight before leaf fall, estimated from five montane tree species with similar specific leaf areas (57.0 cm 2 g −1 ; Vera & Cavelier 1994) to that of P. quadrijuga (57.4 cm 2 g −1 ), annual fine litterfall would be 3.2 t ha −1 y −1 . This value is high when compared with paramo vegetation (1.8 t ha
; Cavelier et al. 1992) , the nearby upper montane rain forests (3100 m) of Reserva Carpanta (1.29 t ha −1 y −1 , Rodriguez & Rosas 1993) and other upper montane rain forests (Proctor 1984) High production of the P. quadrijuga forest, can be the result of high leaf nitrogen concentration and high rates of nitrogen retranslocation. Indeed, leaf nitrogen concentration is very high (3.35 %) even when compared to lowland rain forests (2.52 %) growing on moderately fertile soils (Vitousek & Sanford 1986) . High leaf nitrogen concentrations are probably related to high photosynthetic capacity as measured in the Venezuelan Polylepis sericea (9 µmol m −2 s −1 ; Goldstein et al. 1994) . Leaf nitrogen retranslocation in P. quadrijuga is higher (80 %), than values previously reported for tropical montane rain forest trees, including Sphenostemom papuantum (44 %) in New Guinea (Edwards 1977) , and Myrcianthes sp.(48 %) in an upper montane rain forest of the Central Andes of Colombia (Vera & Cavelier 1994) .
Another life-history trait of P. quadrijuga that may be related to high productivity is leaf longevity. The average leaf life-span of P. quadrijuga is 8.4 mo, lower than in trees of tropical lowlands (12-14 mo), lower-(14-16 mo) and upper-montane rain forests (14-18 mo; Grubb 1977) . Low leaf longevity is associated in P. quadrijuga, as in other species, with high nitrogen concentration and low leaf specific weight (Mooney & Gulmon 1982) . High leaf nitrogen is very uncommon in high altitude tropical environments where soil nitrogen availability is low (Grubb 1971 (Grubb , 1977 . It is possible that once nitrogen is incorporated into the biomass of P. quadrijuga, it is used and internally recycled very efficiently, returning a relatively small fraction to the soil via litterfall where it may be immobilized in the soil due to high soil water content (Marrs et al. 1988) . Furthermore, this Polylepis-forest is highly efficient in the use of nitrogen sensu Vitousek (1984) , since it has the lowest nitrogen circulation in fine litterfall (27.3 kg N ha
) reported so far for a tropical forest and high values of dry mass/N in fine litterfall (143) when compared to other tropical montane forests (80-180; Vitousek 1984) .
Herbivory: seasonality and leaf age
In spite of a rather small sample size per tree (n = 3) and number of trees (n = 10) used in the herbivory measurements, some significant seasonal and leaf-age related results were found that warrant discussion.
Herbivory was 1 % for leaves expanded during the dry season and 20 % during the wet season. The latter is in the range of values (2-40 %) reported for lowland rain forest trees in Australia (Lowman 1984 (Lowman , 1992 and understorey shrubs in Panama (Aide 1988 . Higher herbivory during the wet season may be the result of higher humidity and relatively high air temperatures required for the development of the larvae (Uvarov 1931) . Higher insect abundance during the wet season have also been reported for lowland tropical ecosystems in Africa (Denlinger 1980) and Central America (Smythe 1982; Wolda 1978 Wolda , 1980 Wolda , 1982 . Higher larvae abundance is also correlated with high leaf production. For the plants, higher herbivory during the wet season may be less detrimental than during the dry season, because productivity is high enough to satiate the herbivores (Aide 1988 (Aide , 1992 Coley 1982 , Feeny 1976 preventing them from completely defoliating the canopy.
Higher herbivory in 3-mo-old leaves expanded during the wet season, is probably the result of an increase in larval abundance during this time of year (August). Furthermore, cohorts of unmarked 1-and 2-mo-old leaves expanding at the same time, also showed high herbivory, suggesting that 'preference' for 3-mo-old leaves is related to insect abundance rather than to leaf age. Higher herbivory in young leaves is correlated with high N concentration (3.36-3.45 % in leaves 1-3 mo old), high water content (43-48 %) and lower specific leaf weight (160-180 g m ) as reported for other species (Coley 1983 , Feeny 1970 , Hatcher 1990 , Mattson 1980 , Mattson & Scriber 1987 , Mooney & Gulmon 1982 , Rausher 1981 .
Phytochemistry
The concentration of total flavonoids in P. quadrijuga was higher for leaves expanded during the wet than during the dry season (Figure 6c) , and there was no relationship with leaf age as it has been shown for other species (Coley 1983 , Crawley 1983 , Feeny 1976 , Hatcher 1990 , Rhoades & Cates 1976 , Scriber & Slansky 1981 . Furthermore, there is a significant positive relationship between monthly rainfall and flavonoid concentration (Figure 7a ). Higher flavonoid concentration with increasing rainfall, may be the result of increased production of carbon-based compounds due to lower nitrogen availability (Barz & Koster 1981 , Chew & Rodman 1979 , Gershenzon 1984 , Mattson 1980 , Mattson & Scriber 1987 , Stafford 1990 ) in saturated soils (Marrs et al. 1988) . The correlation of flavonoid concentration and average monthly minimum temperatures may be the result of an effect of low temperatures on plant metabolism, particularly during the dry season when water availability is low.
The two flavonoid compounds identified in P. quadrijuga were a flavone and a catechin, compounds know as UV-B protectors (Caldwell et al. 1983 , Rhoades & Cates 1976 , Stafford 1990 ) and potential herbivore deterrents (Harborne 1988 (Harborne , 1992 . The flavone could have a potential positive effect in the paramo environment since it has been shown that UV-B radiation increases with increasing altitude in tropical mountains (Caldwell 1971 . Indeed, UV-B induces the accumulation of greater amounts of flavonoid pigments such as flavones (Caldwell et al. 1983 , Hrazdina & Parsons 1982 , Murali & Teramura 1986 , Teramura 1983 ). The catechin is a tannin precursor, a compound able to bind proteins and consequently lower the nutritional value of the leaf tissue (Feeny 1970 , Harborne 1992 , Rhoades & Cates 1976 . Flavonoids have also been isolated from Polylepis incana (Catalano et al. 1995) and used as keys in the systematics of the genus.
Of the above ecological traits of P. quadrijuga, high production values may be the key factor in understanding the occurrence of this tree species in an ecosystem otherwise dominated by grasses and giant rosettes of the genus Espeletia. High production, that results from, high leaf nitrogen concentration, very high foliar nitrogen retranslocation and short leaf longevity, should allow this woody species to compete successfully with other growth forms (i.e. grasses), where most of their biomass is photosynthetically active. Traits like high foliar concentration of flavonoids and seasonal phenology and herbivory, could also play an important role in the adaptation of this species to the harsh paramo environment, with high levels of UV-B radiation and marked seasonal variation in rainfall, temperatures and insect abundance.
